Summary A series of stilbenes, based on combretastatin A-4, were synthesised. A structure-activity study was carried out to characterise the interaction of these agents with tubulin. The substitution of small alkyl substituents for the 4'-methoxy group of combretastatin A-4 and the loss of the 3'-hydroxyl group does not have a major effect on the interaction with tubulin. trans-Stilbenes were shown to bind tubulin, but do not inhibit microtubule assembly. This work, together with previous studies, has been used to propose (McGown and Fox, 1989) . This work also suggested that a bicycic structure, in which two planar rings are tilted at 50-60°to each other, is an important structural feature for binding to the colchicine site on tubulin.
The vinca alkaloids are some of the most clinically useful anti-cancer drugs. These agents are complex natural products (vincristine, vinblastine) or semisynthetic derivatives (vindesine) which have been shown to disrupt intracellular microtubular structures leading to the failure of chromosome segregation.
Combretastatin A-4 (1) (Figure 1 ) (Pettit et al., 1989) , a relatively simple stilbene isolated from the African shrub Combretwn caffrwn, has been shown to interact with tubulin with resultant disruption of microtubular function and to bind to the protein at a site shared, or close to, the colchicine binding site. The latter action is not shared with the vinca alkaloids (McGown and Fox, 1989) . This work also suggested that a bicycic structure, in which two planar rings are tilted at 50-60°to each other, is an important structural feature for binding to the colchicine site on tubulin.
The present study was carried out to investigate further the structural features involved in the interaction of combretastatin analogues with tubulin. To this end, a series of 4'-alkyl and fluoroalkyl derivatives of combretastatin ( Figure 2 ) were synthesised and tested for their interactions with purified tubulin. Similarly, the effects of these agents on the growth of A2780 human ovarian tumour cells and P388 mouse leukaemia cells, together with their multidrug-resistant sublines, were studied in vitro. This study is complementary to that of Cushman et al. (1992) .
Materials and methods

Chemicals
Combretastatin A-4 (1) was synthesised in our laboratories (Pettit et al., 1989) . Synthetic intermediates were used as received from Aldrich, Kodak or Lancaster Synthesis. Tetrahydrofuran was dried over calcium hydride and chromatographic solvents were distilled before use. Nuclear magnetic resonance (NMR) spectra were determined on Bruker AC300 or Jeol EX270 spectrometers in deuterochloroform (unless otherwise stated) and are referenced (6) al., 1987) in dry tetrahydrofuran (THF, 10 ml) under argon at -1 5C was added n-butyl-lithium (0.33 ml, 1.6 M solution in hexanes, 0.528 mM). After stirring at room temperature for 0.5 h, a para-substituted aldehyde (0.478 mM) was added. After 0.5 h ice-water (5 ml) was added and the mixture extracted with ether (3 x 5 ml). The combined organic extracts were washed with water (2 x 5 ml) and brine (2 x 5 ml) and dried (magnesium sulphate). Removal 
Isolation of tubulin
The procedure was based on a modification of the method of Miglietta et al. (1987) . Briefly porcine brain was chilled within minutes of slaughter and homogenised in isolation
1 mM EGTA, 0.5 mM magnesium chloride, pH 6.6] before isolation by two cycles of assembly-disassembly. This was further purified (Hamel and Lin, 1984) by addition of 2 M Mes (pH 6.9) followed by assembly-disassembly, yielding electrophoretically pure tubulin.
Tubulin assembly-disassembly The assembly of microtubules from isolated tubulin was carried out spectrophotometrically at 350 rm and utilised the increase in turbidity which is associated with microtubule formation. Assembly was initiated by temperature increase from 10 to 35C. The effect of drugs on the increase in light absorption was carried out as described previously (McGown and Fox, 1989) . Drugs were dissolved in dimethyl sulphoxide (DMSO) (<4%), which did not affect control assembly.
Competitive binding assays The ability of agents to compete with colchicine for binding to tubulin was examined by a spun column method (Na and Timasheff, 1986) . Briefly, tubulin (5 1M) was incubated with test compound and colchicine (10 iM, spiked with [3H]-colchicine, 20 nCi ml-') for 90 min in buffer (0.1 M Mes, 1 mM EGTA, 1 mM EDTA, 1 mM magnesium chloride, pH 6.8). The mixture was loaded on to previously prepared columns of 1 ml of G50 Sephadex (in 40 mM Mes, 40 mM Tris, 1 mM magnesium sulphate, pH 7.5, 11.5 ml g Sephadex). These were centrifuged (900 g, 2 min) and the eluent analysed by liquid scintillation counting using Ecoscint (National Diagnostics, NJ, USA). When tubulin was not present negligible levels of [H]colchicine were detected
(1 ± 1% of control values) indicating that the free (nonprotein bound colchicine) compound is not absorbed by the Sephadex. Therefore, all radioactivity arises from tubulinbound colchicine. All experiments were performed in triplicate.
Affinity constant andfree energy of binding
The analyses were carried out based on the method of Prakash and Timasheff (1983) as described previously (McGown and Fox, 1989) . The assay utilises the change in protein (tubulin) fluorescence which occurs upon binding of drugs. Analysis of these data yields both the dissociation constant and the free energy of drug-protein binding.
Tubulin ( The intracellular distribution of microtubules following treatment with drugs was determined using a modification of the method of Fuller and Brinkley (1975) . Studies were carried out on Vero cells because of their large cytoplasms and extensive microtubular networks. Drugs were added (50 JLM) and the cells incubated in eight-well chamber slides (NUNC, Naperville, USA) for 40 min at 37°C, followed by fixation in paraformaldehyde (3.5% in PBS) for 10 min. The cells were then permeabilised (50:50 ethanol-acetone, -20°C, 7 min), washed, and the free aldehyde groups reduced by borohydride (5 mg ml 1, 3 x 5 min washes). Before analysis by fluoresccence microscopy the slides were then blocked (0.1% bovine serum albumin, 20 mM sodium azide, 40 min, 37°C) and stained in a two-step process with a primary antibody against P-tubulin at 1:20 dilution for 70 min at 37°C followed by visualisation with a fluorescein isothiocyanate (FITC)-conjugated secondary antibody (Boehringer) (50 min, 37°C, 1:20 dilution).
Results
The stilbenes (3-7) were prepared in high yield by treating the phosphonium bromide (2) with n-butyl-lithium in THF followed by the addition of a p-substituted benzaldehyde (Scheme). This reaction afforded a closely running mixture of the cis and trans isomers (3-7), which were separated by careful chromatography on silica gel. The separated isomers were homogeneous on thin-layer chromatographic plates (silica gel), and proton NMR spectroscopy of each of the isomers indicated their stereochemical and chemical purity.
(To avoid photochemical isomerisation the separated isomers were kept in the dark.) Proton NMR spectroscopy was used to establish the stereochemistry of the two separated isomers. In some cases the olefinic protons only provided a singlet when determined in deuterochloroform, but the spectra were resolved using hexadeuteroacetone as solvent. The latter solvent emphasised the coupling of the olefinic protons allowing the stereochemical assignments. The effects of the cis-4'-methyl (3a) isomer is shown in Figure 3 . From these data a value for the 50% inhibition of tubulin assembly was calculated. These data are summarised in Table I . The maximum concentration used was 50 ylM. The most potent agent was combretastatin A-4 (1), although the cis-4'-methyl and 4'-ethyl derivatives (3a, 4a) also showed inhibition of tubulin assembly. The trans isomers (3b-7b) were all inactive. No trans isomer of combretastain A-4 was available to carry similar studies.
The affinity of these analogues for tubulin is shown in Table II All cis isomers (3a-7a) tested were found to be capable of causing cell cycle arrest, with cells completing DNA synthesis but being unable to undergo cell division ( Figure 5) . Evidence of the start of further DNA synthesis, without prior cell division, was observed at later times and was seen as cells with >4n DNA content. The trans isomers (3b-7b) were, in general, less effective at inducing a G2/M block, only the trifluoromethyl and ethyl derivatives (7b,4b) causing G2/M block ( Figure 6 ). The findings of these cell cycle studies are in agreement with the increase in mitotic index seen following treatment with the cis isomers (3a-7a), and also with the trans-trifluoromethyl and ethyl isomers (7b,4b) ( Table V) .
The intracellular network of microtubules seen in un- Time (min) Figure 5 The accumulation of cells with >4n DNA content following treatment with the cis isomers (3a-7a). *, Control; x, 1; E, 3a; A, 4a; 0, 5a; Ol, 6a; A, 7a. (Figure 7a ) is destroyed by incubation with all cis isomers (3a-7a) (Figure 7b-g ), resulting in the production of a diffuse staining pattern when compared with the control cells. In contrast, treatment with the trans isomers (3b-7b) does not produce this effect (Figure 7h-1 ) and the microtubule structures appear similar to the untreated controls (Figure 7a ).
Discussion
The vinca alkaloids are among the most widely used anticancer drugs, showing activity in a number of human malignancies. The mechanism of action of these agents is widely accepted to involve disruption of microtubule-associated processes, particularly the mitotic apparatus. The complexity of these natural or semisynthetic drugs has restricted the development of analogues. The naturally occurring combretastatins are much simpler compounds which are suitable for analogue development via structure-activity studies. We therefore synthesised and tested a number of stilbenes in order to examine the effect of the introduction of an alkyl or fluoroalkyl group in the 4' position of the stilbene. These results show that combretastatin A-4 (1), the lead compound, binds strongly to tubulin, is a powerful inhibitor of tubulin assembly and is a potent cytotoxic agent in vitro. Replacement of the 4'-methoxy group with a short (methyl or ethyl) group together with removal of the 3'-hydroxyl group in the cis conformation does not drastically reduce interaction with tubulin. Indeed, although combretastatin A-4 (1) was the most potent of the series tested, the cis-methyland ethyl-stilbenes (3a,4a) have been shown to interact strongly with tubulin and can inhibit assembly of microtubules, cause disruption of intracellular microtubular structure and inhibit colchicine binding to tubulin, and are cytotoxic to cultured cells. This provides evidence that the 4'-methoxy and 3'-hydroxy groups of combretastatin A-4 (1) are not essential for interaction with tubulin.
A summary of these findings is shown in Table VI . Clearly, the stereochemistry of the ethene bridge is very important. corresponding cis isomers (3a-7a) and are not efficient at competing with colchicine for binding to tubulin. Surprisingly, they do bind to tubulin with dissociation constants and free energies of binding which are similar to those of cis isomers (3a-7a). However, their lack of effect on tubulin assembly and colchicine binding is evidence that the trans isomers (3b-7b) bind at sites remote from the colchicine/cisstilbene binding site. Similarly, whereas the cis isomers (3a-7a) were shown to cause disruption to intracellular microtubular networks, the trans isomers (3b-7b) were ineffective ( Figure 7 ). In general, increasing the length of the substituent chain leads to a reduction in binding to tubulin and cytotoxicity for the more active cis isomers (3a-7a). Interaction with tubulin is tolerant of the replacement of the 4'-methoxy by methyl or ethyl groups, but significant loss of activity is seen with the larger propyl or isopropyl gropus and when the electronwithdrawing trifluoromethyl group is used. It is also interesting to note that, whereas all the cis isomers (3a-7a) caused a G2/M phase block in the cell cycle and an increase in mitotic index, the trans-ethyl and -trifluoromethyl isomers (4b,7b) also showed this effect. This was not reflected in the cytotoxic effects of the trans agents (4b,7b). Why only these two agents (4b,7b) cause this block is not known, particularly as no disruption of the intracellular microtubular network was observed even at 50 gIM. In general, these studies are in agreement with the report by Cushman et al. (1992) that the cis-methyl and -ethyl derivatives (3a,4a) inhibit tubulin assembly. This present study further characterises the interaction of agents of this type with tubulin.
The optimal structure for an agent to bind to the colchicine site on tubulin has not yet been fully elucidated. However, this work, in combination with previous studies, can allow us to assign certain structural features to biological activity. The following features have been proposed to be important: (a) Two (or more) planar rings tilted with respect to each other (McGown and Fox, 1989) . (b) The trimethoxy motif on the A ring is common to a number of agents which are known to interact with tubulin (colchicine, combretastatins, podophyllotoxins, steganacin etc.). (c) The 2'-hydroxyl group has been implicated in multidrug resistance (MDR) recognition (McGown and Fox, 1989) . Omission of this group has been shown to result in molecules which are not involved in the MDR process.
(d) The 3'-hydroxyl group has a relatively small effect on binding to tubulin (Cushman et al., 1992) . (e) The 4'-methoxy group of combretastatin A-4 (1) can be replaced with small hydrophobic groups while still retaining significant activity against tubulin. (f) The ethene bond must be in the cis configuration.
These are shown schematically in Figure 8 . In conclusion, we have shown that substitution of small aklyl groups at the 4' position of combretastatin A-4 (1) and loss of the 3'-hydroxyl group does not significantly inhibit the interaction of these agents with tubulin. The results of this study have substantially added to our current knowledge of the structural requirements for tubulin binding.
